A DNA double-strand break can be efficiently repaired in Escherichia coli if an oligodeoxyribonucleotide is provided to direct the repair. The oligonucleotide must be at least 20 residues long and have a sequence identical to sequences flanking the break. The phenomenon can be used to introduce defined mutations into DNA in the area of a double-strand break. To obtain mutants, the oligonucleotide that carries a mutation and the denatured linearized plasmid DNA are introduced into E. cofi by transformation. No enzymatic manipulation in vitro is required. The mutants can constitute up to 98% of the total number of transformants obtained. The efficiency of mutagenesis decreases as the distance between the mutation and the plasmid deavage site increases. The universality of the method was tested by introducing mutations into four genes, using four plasmids and three E. colU strains, as well as eight restriction enzymes to linearize DNA. Several models of the oligonucleotide-directed DNA double-strand break repair are discussed.
Site-specific mutagenesis consists of a large set of methods (reviewed in ref. 1 ) that generally fall into two classes of procedures: mutagenesis by primer extension and mutagenesis by a gene-fragment replacement. The former involves enzymatic extension of an oligonucleotide primer that carries a mutation, using single-stranded DNA [such as the infective form of phage M13 (2) ] as template. The heterologous double-stranded DNA is then introduced by transformation into Escherichia coli and a fraction of the clones obtained carry a mutation. Gene-fragment replacement methods use synthetic DNA containing a mutation to replace a wild-type restriction fragment in vitro (3) . The above methods are universal and allow one to introduce defined point mutations, insertions, and deletions in virtually any desired location on a cloned DNA. Because of that, site-directed mutagenesis is widely used to probe the structure-function relationship in DNA, RNA, and protein; to study the interaction of these biological macromolecules; and to elucidate pathways of genetic regulation. Broad applicability of site-directed mutagenesis warrants interest in novel mutagenesis methods, especially if they could reduce the time and effort currently required to obtain a mutant.
The principle of the method described in this communication stems from an observation that an oligodeoxyribonucleotide with a sequence derived from DNA sequences on the two sides of a DNA double-strand break (i.e., spanning the break) ( Fig. 1) can direct the repair of the break. As a result, the efficiency of transformation of E. coli with denatured linearized plasmid DNA can be increased by up to two orders of magnitude in the presence of the oligonucleotide. If the sequence of the oligonucleotide contains a mutation, the mutation can be incorporated into the repaired plasmid DNA.
The method, oligonucleotide-directed double-strand break repair, can be an alternative to other site-specific mutagenesis methods, provided that means are found to introduce a double-strand break into the vicinity of the site to be mutagenized. A unique endonuclease restriction site in proximity of the residue to be mutated, if available, may be used to obtain appropriate cleavage.
The mutagenesis protocol includes a minimal number of steps. The heat-denatured linearized plasmid DNA and the oligonucleotide are introduced by transformation into E. coli, and transformants are screened for the mutation. The efficiency of mutagenesis, defined here as the ratio (percent) of the number of mutants to the total number of transformants obtained, can be as high as 98%. However, the efficiency declines rapidly as the distance between the mutation and the DNA break increases.
The repair of a DNA double-strand break in E. coli is not well understood. It is known that plasmid DNA linearized at a unique restriction site does transform E. coli, although with much lower efficiency than the corresponding covalently closed circular DNA form (4, 5) . A high proportion of the transformants contain plasmids bearing deletions or rearrangements; however, transformants carrying the native plasmid molecules are obtained as well. It has also been found that the repair of double-strand breaks in E. coli chromosomal DNA requires two or more copies of the chromosome per cell (6) and is analogous to the repair in yeast (7, 8) .
The objective of this paper is to quantitatively characterize the method of mutagenesis by oligonucleotide-directed double-strand break repair, evaluate the universality of the method, and discuss possible mechanisms ofthe DNA repair.
MATERIALS AND METHODS Bacterial Strains and Plasmids. The following E. coli strains were used: CSH26 [A(lac-pro) ara thu (9) in a 1.5-ml Eppendorf tube. Crude preparations of oligonucleotides can be used for mutagenesis.
The mixture is incubated at 1000C for 3 min (boiling water bath), after which the tube is removed to room temperature for 5 min, and the contents of the tube are then transferred to 200
Al of chilled competent cells prepared by CaCl2 treatment (14) and mixed gently. The cells and DNA are incubated on ice for 5 min and then subjected to a 3-min heat shock at 370C. After addition of 2 ml of 2x YT medium (9) , the cells are incubated at 370C for 1 hr and then plated on LB plates (9) containing 100 jig of ampicillin (GIBCO) and 20 jig of 5-bromo-4-chloro-3-indolyl 3-D-galactoside (Sigma) per ml, if appropriate.
General Methods. Methods for large-scale plasmid isolation, minipreparations of plasmid DNA, and restriction enzyme digestions have been described (15) . The primerextension method was applied for DNA sequencing, using denatured plasmid DNA as a template (16) . Oligonucleotides were synthesized by the phosphoramidite method (17) on an Applied Biosystems synthesizer 380A and purified by polyacrylamide gel electrophoresis under denaturing conditions. RESULTS Plasmid System. A plasmid system with the following three properties was sought for quantitative characterization of the Translation Start --40 mutagenesis method: (i) the presence of a cluster of unique restriction sites for cleaving plasmid DNA, (it) the plasmid's applicability for color screening of mutant colonies, and (iii) an accurate mutant-screening method. The pUC9 plasmid (10) satisfied the first two criteria because of its multicloning site and the indicator gene (a fragment of the lacZ gene).
However, a precise quantitation of mutant colonies in pUC9 was difficult, because both the mutants of the multicloning site (such as nonsense or frameshift mutants) and the cells carrying rearranged plasmids give rise to colonies ofthe same type (white, on a background of wild-type blue colonies).
A suitable plasmid was constructed by introducing a frameshift mutation in the multicloning site of the pUC9 plasmid. The mutation was a deletion ofone residue at the Pst I site (Fig. 2) . The mutant plasmid, pWM300, was generated using the mutagenesis method that is the subject of this communication, as indicated in the legend to Fig. 2 .
Mutations introduced into the pWM300 system to investigate the mutagenesis method were typically insertions of one residue, which restored the reading frame of the lacZ gene fragment. The mutants formed blue colonies in this system, while cells containing the parent plasmid (pWM300) or rearranged plasmids gave rise to white colonies.
All insertions introduced into plasmid pWM300 were de- Biochemistry: Mandecki signed such that they would destroy a unique restriction site within the multicloning site and at the same time create a new restriction site. This feature allowed for an additional confirmation of the mutagenesis event by restriction digestion of plasmid DNA.
Optimization of Conditions. A set of oligonucleotides 10-60 residues long was synthesized in order to determine how mutagenesis depends on the length of the oligonucleotide. The oligonucleotides were homologous to plasmid pWM300 (strand shown in Fig. 2 ) and symmetrically spanned its single Sma I site. The oligonucleotide carried an insertion of one residue positioned at the Sma I site (Fig. 3) . Plasmid pWM300 linearized by digestion with Sma I restriction enzyme was used for mutagenesis. High efficiency of mutagenesis (over 90%) was observed using oligonucleotides 30 or more residues long (Fig. 3) , and the maximal efficiency was 98% for the (20 pmol) shown in a were used for mutagenesis. The protocol was as described in the text. e (solid line), Efficiency of mutagenesis; x (dotted line), number of mutant colonies per plate. Twenty clones that formed blue colonies were tested by digestions with endonuclease BstNI (a BstNI restriction site was created by the mutation) to confirm the presence ofthe desired mutation. All 20 clones showed the expected digestion pattern as judged by agarose gel electrophoresis. Introduction of the mutation into the multicloning site was confirmed by sequencing two of the clones.
50-residue-long oligonucleotide. The 20-residue-long oligonucleotide resulted in a half-maximal efficiency, whereas no mutants were observed with either the 10-mer or the 15-mer. Although the efficiency of mutagenesis seemed to reach a plateau with oligonucleotides 40 or more residues in length, the number of mutant colonies continued to increase with the length of DNA. We conclude that to assure a good efficiency of mutagenesis, the oligonucleotide should be at least 20-30 residues long, and preferably longer.
A large molar excess of oligonucleotide over plasmid DNA is needed for mutagenesis, as is evident from Fig. 4 . The amount of plasmid DNA was kept constant at 50 ng (z20 fmol). Although the efficiency of mutagenesis reached a plateau at 1 pmol, the maximal number of mutant colonies was obtained with 20 pmol of oligonucleotide ( 1000-fold molar excess of oligonucleotide).
For a high efficiency of mutagenesis, it is necessary to denature the linear plasmid DNA before using it for transformation. This is done by incubating a mixture of plasmid DNA and the oligonucleotide at 100TC for 3 min. The use of nondenatured DNA results in a much lower efficiency of mutagenesis. When nondenatured, Sma I-digested pWM300 was used for mutagenesis together with the 60-mer (sequence given in Fig. 3 ) only 6 mutants were obtained among a total of 57 transformants. In a parallel experiment, the use of heat-denatured plasmid DNA resulted in 1330 mutants out of 1360 transformants.
Positions of Mutations. Several questions arise with regard to the possible mutant-yielding locations of sequence changes within the oligonucleotide and position of the oligonucleotide with respect to the linearization site.
First, to determine whether the oligonucleotide has to span the cleavage site, pWM300 was linearized with the Nde I restriction enzyme, which cleaves at a site about 240 base pairs (bp) from the multicloning site. It was then tested whether mutations could be generated in Nde I-cleaved plasmid by use of the 60-mer (sequence given in Fig. 3 ) that spans the Sma I site. Among 269 transformants, no mutants were observed (typically, when Sma I-cleaved pWM300 is used under the same conditions, >95% of transformants are mutants). The results demonstrate that to obtain mutants, the oligonucleotide has to span the linearization site.
A set of oligonucleotides was synthesized to define the dependence of mutagenesis on the distance between a mutation and the linearization site. The oligonucleotides were eight asymmetrical 60-mers with insertions of one residue at different positions (Fig. 5 ). They were tested for their ability to generate mutations in the pWM300 plasmid linearized at the Sma I site. The results showed that the efficiency of mutagenesis decreased rapidly from 98% to 13% as the distance between the mutation and the cleavage site increased from 0 to (6 mutants per 422 transformants, confirmed by DNA sequencing). A distance of 26 nt between the mutation and the cleavage site was the maximum that allowed a mutation to be obtained (efficiency of mutagenesis was 0.2%; 2 mutants per 820 transformants, confirmed by DNA sequencing). An attempt to generate a mutation 35 nt from the cleavage site was unsuccessful: no mutants were found among a total of 6300 transformants from several platings. 8 bp. However, mutagenesis was observed even at a distance up to 26 bp from the cleavage site (legend to Fig. 5) .
The mutagenesis method seems to be universal. A total of four plasmids, three E. coli strains, three genes, and eight restriction enzymes were used in the process of introducing different mutations, as summarized in A clear limitation of the method is the requirement of having the plasmid DNA linearized in the vicinity of the site to be mutagenized. While this is most conveniently done using a restriction enzyme that cleaves only at one site on the plasmid used, the linearization can be obtained with other methods as well, such as (l) partial digestions with restriction enzymes that cleave at more than one site, (ii) reconstructing a linear plasmid by the ligation of DNA fragments generated by various restriction enzymes, or (ifi) random cleavage of DNA under mild conditions (DNase digestion, sonication). Although the above approaches will undoubtedly decrease the efficiency of mutagenesis, it should be well within capabilities of the method to obtain mutations.
DNA Double-Strand Break Repair. The results presented show that DNA damaged by a double-strand break can be repaired in vivo if an oligodeoxynucleotide with a proper sequence is available to direct the repair. The effects of the oligonucleotide can vary, apparently depending on the DNA sequence around the break, from a 100-fold to a severalfold increase in the number of transformants over a control with no oligonucleotide. It is also evident that the linear doublestranded DNA has to be denatured for efficient repair to be observed.
Two classes of possible molecular mechanisms of the repair process can be distinguished: mechanisms that result in a physical transfer of DNA from the oligonucleotide into the plasmid DNA and mechanisms in which the oligonucleotide serves as a template for the repair process (information transfer). The physical transfer of DNA can be accomplished by two crossovers between the oligonucleotide and plasmid DNA, one on either side of the break. A single crossover was in fact observed in E. coli within sequences as short as 20 bp, and the frequency of such events was 10-6 per cell division (21) . However, the requirements to satisfy the observations made during this work are clearly much more stringent: two crossovers within two neighboring 10-nt sequences (if a 20-mer is used) in 1% of the cells capable of being transformed with a supercoiled plasmid DNA.
It is also possible that the oligonucleotide, when spanning the break and annealed to the plasmid DNA, serves as a primer for in vivo synthesis of a new plasmid DNA strand.
The oligonucleotide becomes a part of this strand. However, this model cannot explain either the high efficiency (98%) of mutagenesis (maximal efficiency attainable should be not more than 50%) or why the efficiency of mutagenesis decreases rapidly when the distance between the mutation and the cleavage site increases (Fig. 5) .
Two mechanisms can be envisioned for the transfer of information (rather than of DNA itself) from oligonucleotide to the plasmid DNA. First, the oligonucleotide spanning the break and annealed to a plasmid strand, and the plasmid strand itself, may create a substrate for the nick-translation/ gap-repair processes. These include exonucleolytic cleavages of plasmid DNA, filling in of the gap by DNA polymerase, and ligation (22) . Second, a break in a plasmid DNA strand may be a signal for a molecule of DNA polymerase that is in the process of replicating plasmid DNA to switch template from the plasmid DNA strand to the oligonucleo- tOligonucleotide sequence was from residue 371 to 429 of the noncoding strand of the rpsL gene (18) . The oligonucleotide contained a mutation that led to the insertion of an APT base pair between residues 401 and 402, creating a BstNI site.
tConstruction is described in the legend to Fig. 2 . §The oligonucleotide sequence was from residue 1 to 59 of the noncoding strand of the C5a gene fragment (19) . The mutation introduced was an A -* G transition at position 24, which created a Hae III site.
1Oligonucleotide used was as in footnote §, except that the mutation introduced was a C -. G transversion at position 27, which created a Hpa II site.
lThe oligonucleotide sequence corresponded to residues 3819-3878 of the coding strand of the f-lactamase gene of pBR322 (20) . The mutation, tide. After passing the break the polymerase would switch templates again to continue replicating plasmid sequences. Template switching by DNA polymerase has been observed (22) . This model is a variation of the classic copy-choice model for homologous recombination (23) .
The above four models by no means exhaust all possibilities of how an oligonucleotide can direct the repair of double-strand breaks in plasmid DNA. The identification of the mechanism responsible for the repair must await further experimentation.
